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      Heavy oils such as Canadian oil sand bitumen are alternative petroleum resources. However, they have high density, low 
hydrogen/carbon ratio, large amount of heteroatoms (sulfur and nitrogen), and significant heavy metals contents (V, Ni, Cr, 
and so on). For up-grading such heavy oils or recovering the lighter oils from heavy oils, conventionally coking or catalytic 
hydroconversion process is applied. However, in both of the processes, formation of coke limits the yield of distillable 
liquid products. To increase the liquid yield, coke yield should be decreased. The use of solvent might reduce the 
solidification due to the solubilization of precursor of coke (such as pre-asphaltene). Obviously, it is important to select a 
good solvent for that purpose and more preferably with hydrogen donor ability. Thus, high temperature water including 
supercritical state (SCW) is a candidate for the bitumen upgrading. It is known that SCW forms a single phase with heavy 
hydrocarbons1. Recently it was reported that although hydrogen transfer from water to hydrocarbons does not take place 
without catalyst, still the physical effect of SCW was considerable2–3. The presence of water changes the phase equilibrium, 
which affects the reforming reactions. Thus, in this study, kinetic study with considering phase behavior was conducted. 
Another keen aspect is of hydrogen transfer from water to heavy oils in the presence of catalyst. In this research, CeO2 was 
employed as catalyst and the possibility of oxidative decomposition and hydrogenation of bitumen in supercritical water 
was studied.  
     In chapter two, previous researches related to this thesis were summarized. Many researchers have tried to describe the 
mechanism of coke formation, but widely accepted one is that based on phase separation kinetic model by considering 
kinetics and solubility limit of asphaltene core in rich liquid phase 4,5. In addition, the research on catalytic reaction to 
reform the bitumen is reported: Zirconia-supporting iron oxide catalysts are a promising one in a steam atmosphere. It was 
reported that heavy oil was oxidatively decomposed into lighter oils at 500–550 ?C or higher temperature in steam6.
However, no research has been reported so far for the catalytic upgrading of heavy oils in supercritical conditions. 
          In chapter three, the kinetic reactions of heavy oil fractions such as maltene and asphaltene under supercritical 
hydrothermal conditions by considering phase behavior have been studied. In supercritical water, maltene are completely 
dissolved to form a homogeneous phase.  Under the condition, maltene decomposed to light maltene or gaseous species, 
while formation of heavier component, such as asphaltene and coke are not considerable. On the other hand, asphaltene are 
phase-separated from the water rich phase. Asphaltene converted mainly to coke, rather than decomposing into lighter 
species (maltene and gases), although in the presence of water the coke formation was reduced. Interestingly, when the 
maltene was added to this system, the coke formation was drastically decreased. Also increase in water density/pressure 
reduced the coke formation significantly?Fig. 1). Under the condition, there exist two phases, water rich phase and oil rich 
phase, and thus concentration of species in each phase should be taken into account to understand the reactions. The kinetic 
analysis based on the understanding of concentration of components in each phase, revealed that the order of reaction of 
coke formation from asphaltene was of second-order. Adding maltene or water to the system reduced the concentration of 
asphaltene in the rich oil phase, which is the reason why coke formation was suppressed in those cases.  From the analysis 
results of product distribution as shown in Figure 1, we concluded that the coke formation reaction is of 2nd order with 
respect to the concentration of asphalthen.  
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In chapter four, we studied on catalytic effect of CeO2 on the model compounds conversion in hydrothermal conditions.                  
Cerium oxide nanoparticles (NPs) with octahedral and cubic morphology were synthesized by a flow type reactor under 
sub- and supercritical hydrothermal conditions. For synthesis of octahedral NPs, aqueous cerium nitrate solution (0.02–0.04 
mol/L) was fed by a high-pressure pump with a flow rate of 2.0 cm3/min. Water was pumped through another line at a flow 
rate of 6 cm3/min. The mixing point temperature was changed between 300–360 °C and pressure was held on 30 MPa by 
using a back-pressure regulator. When hexanoic acid was added to the system, the octahedral shape was changed to cubic, 
which is due to the capping effect of hexanoic acid on the exposed surface.  Transformation of the shape of the ceria 
nanocrystals from truncated octahedral to cubic was mostly caused by the suppression of crystal growth on the (001) surface.  
The cubic morphology showed smaller size, higher surface area and oxygen storage capacity (OSC) than octahedral. 
Thereby, catalytic activity of synthesized NPs was examined through the reaction experiments of model compounds in 
supercritical water. The results demonstrated that the CeO2 nanocatalyst promoted organic decomposition in supercritical 
water. If the oxygen transfer occurs during the catalytic reactions with CeO2, valence should be changed between trivalence 
and tetravalence.  Fig. 2 shows that binding energy of lattice oxygen in synthesized CeO2 and recovered catalyst are the 
same. This is evidence of tetravalent Ce in recovered CeO2 ions, which suggests the oxygen transfer step from CeO2 to 
hydrocarbons might be the rate-controlling step. 
          Here, two kind of experiment have chosen to identify 
CeO2 activity as a catalyst in reaction with model compounds. 
First, Indigo carmine (dye) decomposition was examined. In 
the presence of CeO2, decomposition was promoted. Second, 
aldehyde reaction was examined to know the reaction 
mechanism. Main reaction for acetaldehyde was found to be 
Canizzaro reaction to form acetic acid and ethanol, and aldol 
condensation reactions. When CeO2 was added, acetaldehyde 
was decomposed faster to form more acetic acid while less 
ethanol. Methoxyl group also was found, in addition to the 
formation of gaseous compounds such as CH4+ CO2. All of 
these suggest the oxidation of hydrocarbons, ethanol, 
acetaldehyde, and acetic acids. 
The presence of H2 suggests the reaction of water with CeO2
to oxidize the CeO2. The oxidation of hydrocarbons suggests 
the redox catalytic cycle on the surface of CeO2.
         In chapter five, for the first time, regular shapes of 
cerium oxide nanocatalyst have been employed for the 
bitumen upgrading via chemical effect of water in sub–
supercritical hydrothermal state.   Both octahedron and cubic 
Figure 1 (a) Correlated data with 2nd order reaction (b) compared diluted asphaltene in 
different water density. 
Figure 2 Ce 3d 3/2, 5/2 XPS spectrum collected for CeO2
before and after reaction 
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shaped CeO2 show high reforming rate with suppressing coke formation, which should be due to the oxidative 
decomposition of hydrocarbons, as expected from the model compound experiments.  The cubic CeO2 exhibited high 
reactivity over heavy oil and water, which is probably because of active crystal planes and a large oxygen storage 
capacity.  In this series of experiment, we found interesting phenomena, namely extremely high yield of alkane than 
alken, which suggested the hydrogenation of hydrocarbons, in addition to the oxidative decomposition.  Fig. 4 shows 
the mechanism of model compound decomposition in the presence of water and cerium oxide nanoparticles. 
The coke formation could be reduced significantly below 350 ?C, while the reaction rate was extremely low.  
Thus, we employed CeO2 to promote the reaction.  The asphaltene conversion reached up to 90% in the presence of the 
cubic CeO2 at 350 ?C without coke formation.   
In Chapter 6, we summarized the research results obtained in this thesis, and proposed a new process to 
reform bitumen. In the present thesis, we studied on upgrading heavy oils in sub–supercritical water states. It has been 
found that the presence of maltene and water could dilute the oil rich phase which reduced the coke formation. Based on 
this mechanism, we proposed a new process to promote reforming with reducing coke formation, that is, maltene recycling 
to the feed from the products. The possibility of the process was confirmed in simulation of SCW-Bitumen reaction. Using 
cubic CeO2 nanocatalysts accelerate reaction rate, which leads to reduce the required reactor size and operating temperature.  
In summary, in this study, kinetics of bitumen conversion in supercritical water was evaluated with considering the phase 
equilibrium, which leads to propose a new process to convert bitumen with high efficiency with suppressing coke formation. 
CeO2 was found to be a suitable catalyst to promote oxidative decomposition in hydrothermal conditions.  The catalyst 
works not only for oxidative reforming of bitumen in water, but also for hydrogenation of products to recover lighter oils. 
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Figure 4 Schematic illustration of 
oxidation reaction of model compound 
over CeO2.
Figure 3 Bitumen and recovered oil mixed with 1-
methyl naphthalene : a) unreacted bitumen, b) 
recovered oil without using catalyst at 450°C c) 
recovered oil using octahedral CeO2 at 450°C.       
and d) recovered oil using cubic CeO2 at 450 °C. 
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